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INCONSISTENCIES IN THE UNDERSTANDING OF
SOLDER JOINT RELIABILITY PIIYSICS

by
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ABSTRACT

Ross, Jr.

An inhcnmt reliability problcm associakd  with surface mount applications is that solder joints, which serve as both an
eledricat  and a mechanical connection lxtwecn part and board, are subjectcxl to thcrrnal fatigue failure. Solder joint
failure invo]vm  a complex interplay of crap and fdiguc prmxc-s, Over the ycms, many analytical and experimental
march studies have airncxl  to improve the state-of-the-arl awcssmcnl  of solder joint integrity from a physics-of-faihwc
p.xpcctivc. Although considerable progrc.ss has been rnarlc, there still  exist many inemsislcn[  and even contradictory
rmrcla(ions and conclusions.

Before discussing some of the prominent incmsistcncies  found in the Ii(cra(m,  this paper reviews the fundamental
physics undcrtying the rrahmc of xrldcr  failure. Many incmlsistcncics  stem f]om a rl~isll[]dersta~]dil~g  of the unique
properties of near-eutectic tin-lead solder, properties such as age.- and eyclc-sotlcning,  grain-growth hardening, strain-rate
hardening and “superplasticity”. Using lhc cmnplcs  conslitutive  properties of solder, fundamental mechanical iind
thcrn}omeehanieal  procmzs can bc modeled to demonstrate some of the inconsistencies in the literature. Many analytical
ineonsistcncics  are trmxt to differing in[crprctations  of the effects of tcnqm-mrc  and cycle frequcnc-y and to resulk
obtained from using different cycle-life prediction algorithms. inconsistencies in testing arc otlcn found when ccmsidcring
nmchanica]  versus thcrnral  cycling failure dcfi nitions, the determination of tcs( acceleration factors, inspection techniqm
atld objectives, and the treatment of failure statistics.

INTRODUC”I’1ON

‘I”he function of solder joints in surface mount (SM)
electronics applications is to provide both electric-al and
mechanical cmtinuily  between the electronic
cxmponcnt  (the “part”) and the printed wiring board
(PWB - the “board”). DitTcrcntiaI  expansion induczd
creep-fatigue resulting from temperature cycling is an
in~porlant cause of solder joint failure. The
ddcrioration  of solder  joint integrity typic-ally involves a
scqucn(ial  development of local strcsssing,  nlicro-
cmcking, crack initiation, and emck propagation,
ultimately reading in electric-al open-eircuiti ng by total
joint Separation from the PWB foot print.

‘I”hc service life of a scddcr joint depends upon many
factors, including solder alloy charactcris[ics,  the design
and rnaicnal  sclwtion  of pm-hard a.sscmblics,  the
fabrication procxxs, and the test and service
cnvironrncnts.  The asscwucnt  of solder joint w-vim
life is a CXMWICX prows, depending, upon the
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application, the approach to managing solder join(
integrity can ditTcr  considerably. Aemrding to
published surveys [1-1 0], most current approaches rely
on failure physics pnnciplcs  for understanding solder
joint failure mechanisms and the mans to ensure solder
joint reliability, the four csscnt  ial clcmcnts of which arc:
packaging design issues, solder alloy mechanical and
rnctalturgical  properties, service life prediction
methodology, and tcstin#irwpcction  slratcgics.

‘Ihc state-of-the-arl of assessing solder joint reliability
has not kept pace with the rapid advance of electronics
packaging technology. An undcdying  cause is a lack of
a eomprehcnsivc  understanding of the fWanwmtaI
reliability physics issues, Because of this, currmt
piacticx to ensure solder integrity still relics heavily on
design assemblies and fabrication procm.scs  that have
txcn validalcd  prcvious]y. Most large electronic
~lckaging rnanufacturcrs  establish their own design and
fabrication procedures based typically on cxtcnsivc
empirical data, Intqolations of these data usually
plovidc  a~pti]bk  solder integrity a.wl!wx, Such



approaches typically penalize the application of new
materials and innovative designs, whcrt  extensive M
data arc not yet avaiiablc.  For these new ccmccpts,  the
assurance of solder integrity  is beyond validated limits
anti must rely on cxtrapolaticms  wing reliability physics
prkiplcs.

1[ is the purpose of this paper to point out and to exTlain
sonic of the major inconsistencies in the solder joint
reliability literature. These inconsistencies, most  often
attributable to a failure to specify or to take into account
the proper ndumical  and metallurgical states of solder,
arc responsible for the diflcmt  conclusions that have
bmn reached concwning solclcr joint inspection, quality
and workmanship, life prediction, and test philosophy
issues. in addition to the fact that analytical pnxlictioms
of solder joint SCMCC life cxhibh very large
uncertainties, contradictory oxrclusions arc often found
when considering the cflkcts of two important
environmental parameters: tcm~pcraturc and cycle
frequency.

SOLDER RELIABILITY PIIYSICS
OVERVl EW

It will be useful to review the fundamental physics
underlying solder failure and to identify the controlling
parameters that contribute to the observed
incxmsistcncies  and discrepancies. The first and most
fundamental parameter is the unique mechanical and
metallurgical properties of solder alloys. Bccausc ncar-
cutcctic tin-lead solder  alloy (typically 63/37 by
weight), having a rnclting point near 183°C, enjoys the
widmt application and acxxptancz in the electronics
industry, the discussion is limited to that particular
alloy. Saxmdly, the overall partkdboard  assembly
stiffl  was and the quality of the wldcr joint are the two
mosl critical design parwnctcrs governing the reliability
of solder joints in a specific scxvicc  cnvironrncnt. Under
typical multi-year loading conditions, crccp inducxxl
strain is a complex fimction  of solder metallurgical
slructurc,  stre,sdstmin  loading charactcris[icx,  scddcr
opcmting  tcmpcraturc  and the stiffness of the combined
parthdkoard  system,

A third factor crucial to the SUCKXX.S (or inadequacy) of
solder ~lnt reliability assessment is the cs[ablishcd
framework of reliability physics, i.e., failure definitions,

faihm algorithms and the treatment and interpretation
of faihrrc statistics.

(1) Mctdurghd  (hmidcrdhms  – the Many
Faca  of Near-Eutcctic  $’oklcr

Gcncndly, solder is a reasonably tolerant metal wil.h a
low melting Wint;  this makes it a desirable material for
ckztrieal interconnections. An index for characterizing
operational tcmpcmturc  levels is the homologous
temperature Th, which is the ratio of the actual solder
tcrnpcraturc  to its rnching point (absolute tcmpcrakm
scale). The tensile  properties for a metal at low Th arc
txscntially  time-indcpcndcnt. When the applied strcs.s
cxrxds the yield strcng(h,  the total strain consists of
two Colnponcnts - elastic and plalic.  The stress-stmin
plot shown in Figure 1 is the most fldamcntal
mechanical charactcrizrtion of a metal.
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Fig, 1, Strain Hardening for Ordinary Metals

When a metal is heated to a homologous tcmpcraturc of
about 0.4, the metal becomes ductile in the so-called
“hot working” range. For an external strcsx loading the
phenomenon is rcfcrrcd  to as “crccp”  and for a stmin
loading procxxs, tllc applied stress is a fhnction  of IJIC
strain rate (referred to as stmin-rate hardcni rig); “stress

for near-cuk’ic soldcrq’%
relaxation” and rccrystallwatlon  rapidly oczur.
strain-rate hardening
illustrated in Figure 2, which shows the functional
dcpcndcncc of the stress-shain relationship on the strain
rd(c. F.lcvatcd  tcmpcratm  operation is rcfcrrcd  to m a
cxmdition  for which Ih > 0.S. For near-cutectic solder at
room tcmpcraturt, the cm-responding homologous
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tcmpcraturc  is 0.65, cxxrcspcmding to a tcmperaturt
WCII above the recrystallizaticm range.

summarim  t h e  rcprcscntative  r o a n  tcmpcraturc
property data mca.sured
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Fig 2. Strain-Rate Hardening for Near-Eutcctic S&b

Near-cutcztic tin-had solder is a metal with many facxs
- its bcbavior differs considerably for diffcren[
metallurgical conditiom.  A newly formed solder joint is
hard and brittle. Solder aged at room tmnpcratur-c  or
otherwise heat treated, or stress cycled, is very ductile.
These proccsscs arc rcfcrrcd  to as agc-sotlcning and
Cycle-dlcning. The complc4c  age-softening process
rcquir~ about 60 days at room tcmpcraturc  for the
super-saturahxl tin solution to ditlhc to an equilibrium
slate. At room tcmpcraturc, the elongation rupt urc limi(
for newly forrncd sddcr is 30% to 40%, which is the
same as most typical cnginccling metals. However, for
a  fhlly agc-sotlcncd  s o l d e r  spccimcn  a t  rcxm
tcmpcrdhm, the c]ongation  limit is reported to bc as
high as 2000% under low strain rate conditions. This
nrakcs near-cutrxtic sokkx the  bes t  knowm
“supcrpkmtic”  rnatcrial.

The sotlcning process is rdativcly  rapid, especially
above room tcmpcrzrturc. A metallurgical change
concurrent with Wlcning  is grain growth, which is a
monotonic proms causing continuous slrcmgiheni  ng,
and at the same time cmbritilcmcnt,  of the material.
Figut-c  3 [11] compares the microstructure of a newly
fornmd sol&r~in[  having a groin sim of 1.8 microns to
the 15 micron grain structure of a solder joint slorcd at
room temperature for 15 years and also to a spccimcn
havilig large 26 micron grains after one ycw of thermal
cycling  between -25°C and  +lOO°C. I;ig,urc 4

(a)

(b)

(c)

F’ig,  3. Variations in Solder Joint Microstmcturc

by various rcscarchcrs  [12-18]. ‘l”hc  results clearly
depict the diffcrcnccs  in the newly formed (as-cast),
fully-agcxl  (supcrplastic),  and the over-aged (coarsimxl)
wldcr conditions.

Operating tcmpmturc  is another parameter that
clinically affbcts solder propcrlics.  Figure 5 illustrates
the strong Ar-rhcnius  dcpcndcncy of solder strain rate on
temperature. solder  bccomcs  sotl  for cmditions  above
room tcmpcralurc  but bccomcs increasingly hard as
tcmpcraturc  clccfcascs. This very important
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rmnsidcration  governs the behavior and possl%ly  the Additional critical paramckm afkting  solder joint
failure of sol&r ~ints during thcrma] cycling, integrity assessment arc the joint quality and the
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(2) Assembly Stl~fncss Ratio  and Solder
Joint Quality

For near-cukxtic solder joints operating in a specific
environment, the most critical design and fabrication
parameters arc the selection of the lead frame (a.sscrnb]y
stitTncss ratio)  and the solder joint quali[y
(workmanship). Fktronic  P3ckaging  typically involves
three types of lead frames: gull-wing, J-lead and kxidlcss
(including Ball Grid Arrays). A solder joint is a
structural clement that interfaces with the board and
wilt] the lead (or, for lcadlcss unions, dircdy with the
component). In a strain-loading process, such as is the
case in thermal mechanical cycling, the driving function
is a forced dcfomuition  bctwccrr  the PWB and the part.
~’hc total deformation is slrmcd  by the deformations of
the solder joint and the fixture, consisting of the PW13
and the leads. The distniution  of the imposed
dcfcmnation depends upon tic relative stiff nesscs  of the
sokicr  joint and of the fixlurc.  A simple  index thaI
charactcrims  the deformation distrl%ution  is the stiffness
ratio, % [19, 19a] which is the stiffness of the cmnbincd
solder-fixture system to the stiffnc,w of the solder
clcl~~cnt itselfi A rigid fixture cxmcsponds  to the
limiting case k = 1. Stiffness ratio plays a dominant
role in determining the solder joint stress  and strain
levels. Packages with compliant leads typically have a
k-vahrc in the 0.001 to 0.0001 range, while  for lcadlcss
packages k is bctwccn  0.S and 0.05.
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qualification standard. The materials of which a
lcadkoldcr system arc cornpriwd often have flaws and
deftis, and the fabt-dion  proms may cmsc ill-fonncd
sddcr j o i n t s  a n d  other impcrktions, Quality
inspections to screen out sub-standard parts that may
lead to premature failure are typically performed
following solder joint fabrication. But what is an
aczcptablc  solder joint? The tcnm “flaws”, “dcfw-ts”
and “faults” arc catch-all phrases for impcrfxt
conditions UM deviate from the desirable metallurgical
state or cxpcctcd  workmanship of the solder joint,  Not
all imperfections Inrry  compromise solder joint
longevity some are dc(rirncntal while others arc merely
msmctic.

In rnosl cases, solder reliability addresses only the
fabricated or repaired parts that passed the quality
assumnm standard, It is assured that  solder joint
failure is a wear-out process dctcnnincd by the stm.s
and strain levels arising only from the characteristics of
the environmental input (cycle depth, ramp rate, dwell
time, etc.), the relevant gemctrical  parameters (kid
hcigh(, thickness, etc.) and material properties (Your!g’s
rmdulus,  CI’E, etc.), Con.sequcntiy,  the quality
standard and the inspection mchdology have a
profound impact on the asses.wncnt of solder joint
integrity and reliability.



c+) The Physics of Solder Joint Failure

solder  reliability physics involves many inter-
disciplinary branches of scicucc and cnginccring.  V’hc
friunework  of solder reliability physics, including many
of the principles and pmctim arc adopted from other
related established fields  such as high tcmpcrat  urc
hubinc  blade failure physics and quality assurance
statistics. A detailed diwussion  of the general a.spccts  of
solder reliability physics is beyond the intent of ti)is
paper. Only three relevant i.ssrrcs  that cxmtributc to the
inconsistrmcics  in the scddcr Iitcrahrrc  arc reviewed
here. They are: (a) definitions of solder faihrrc;  (b)
failure mechanisms and algorithms; and (c) trcatmen(
and interpretation of solder failure statistics.

(a) ~hilit~  Re~uircmcnts  and Solder Failure
Definitions——

Solder joint qualifidion  rcquirummts  arc typically
.speciticd  in two distinctly dificrcnt  manners: psdhil

rcquircrncnts and test-to-failruc data. Mos[ apj)lication-
oricnmd  organizations require test qualification to mcel
a Sc( of univcrsd or mission spccitic pass/fail criteria.
I“hc most commonly referenced military rcquircrnc.nt  is
the maintaining of functional inicgrity  (no clcdrical
open-circuiting) after 1000 cycles of the MANTECH
[20, 21] environment lxhvccn  -55°C and + 125°C per
MI1 ,-STD-S83,  Method 1010 [22]. The qualification
rcquircmcnt has been adopkxl to ensure avionics
intcgr-ity  for a 20-year scrvicc  life of 8,000 flights and
4,@M maintenance hours. The requirement for NASA
spacz missions is spccificd in NASA NlK3 53W.4 123]
as 200 cycles bclwccn -55°C and +- 100”C without the
initiation of cracks. In nxen[  years, the adopted Qua]
test rcquinmwnts  lravc been based upon specific
missions. For example, the requirement for Cassini
transponder packaging is 100 cycles between -25°C and
-I 100”C with the extent of crack propapyrt ion to bc
lirnitcd  to lCSS than 1/3 of the solder joint periphery.

Most research laboratories and universities lravc
adopted a tmt-to-faihrre approach, which provides basic
failure physim insight, allowing better understanding
and kr}owlcdge of solder joint reliability issues, Bccausc
the test time can h very long for most robust designs,
the practice of test-to-faihrrc is usually conducted on an
aczelclatcd bask. There have been many diflicrcnt
n~casurcmcnt  techniques for detecting solder failure [1,
3, 59], Monitoring electrical continuity is the most
definitive mcthcrd of dck-cting solder join( failure for
tl)crinal

mcdranical  testing and has been rccornmcndcd  by IPC
[24, 25]. A scqrrcnce of periodic in-test visual
inspections for tracking crack growlh  is a common
tczhniquc  [26]. Another popular measure is the 50’%0
loaddrop mcasurcmcnt  [43], which has been adopted
by many researchers for room tcmpemturc mechanical
cycle testing [27, 28]. The diffcrcncc  in failure
definitions and the mcasurcmcnt  techniques can be a
serious source o f  mnfkion U’llcn mnparing
cxpxirncntal  results,

(h) Pnncivles  and Algorithms in Failurt Physics

‘llc algorithms used in wldcr rcwwch are typically
adopted from related research frclds, aspccially  high
temperature prcssrrrc  VCSSC1  and turbine blade research
[29-32]. Although there arc many variations and
modifications, the flmdmcrrtal  failure algorithms caJl
be catcgorimd into four major approaches: (1) strm.s-
bascd; (2) slrain-range-based; (3) strain-cncrgybmcd:
ar~d (4) fract(irc-ri~m}~ l~ics-ba.ti.  The sclcctiorr  of a
pwticular  algorithm not only lays down a spcci  tic

franic~~ork  for anrrlytirxrl  treat mcnt  of the rcliabil  ity
research, it otlcn  prc-sets the format and control
variables for cx~rimcntai  investigation.s. . in most
applications the usage of different failure algorithms is
compatible. However, there arc cases for which
incmsistcnt  and even contradictory arnclusions  may lx
rcachcd depending upon which algorithm is sclcctcd.

(c) Faihrrv  Statistics

The scrvicc life of solder joints on a surface mounted
part is dictated by the weakest solder join(,  since the
failure is rcfcrcnccd  to the first interconnect failure on
an assembly. The corner joints arc particularly
vulnerable, not only bccausc they cxpericncx  the
nmximurn deformation, but also because the fillet sim at
the corner is, in general, snrallcr  than at the middle,
Among the corner joints a noticeable diflcrcncc  in tillct
size (around 10’%o to 20’XO  fdict  fllickn~) can oflcn  &
observed. These variations definitely contribute to the
sl)rcad  of the soktcr joint statistical failure distribution,
wlmsc range can exlcnd  over more than an order of
magnitude. The majority of invcstig,ators  utilize  a
Wcibull  distribution [25, 32] to chamctcr-izc the spread
of solder  joinl  failure data. The application and
illtcrprctation  of the statistical nlanipulatiolls  arc very
crucial to the prcuxss of ensuring solder joint integrity
but at the same time cause much conf~lsion,



INCONSISTENT ISSUES

The inconsistencies observed in the lilcra[urc can
gcucrally  bc groupcft  into three catcgorics:  (I) different
opinions and cxmdusions  concerning behavioral
flmdamcntals;  (2) conflicting correlations or significant
di.scfcpancics  with regard to nmjor  reliability issues; and
(3) inconsistent correlations established for practical
applications, The firxt category czwcrs many issues
relating to solder properties, analytical mcxteling,  and
dillcrcncea  in terminology and definitions, while the last
~tcgory covers  real life applications and is most critical
to the practice of solder joint rcliabilit  y.

(1) Fundmumtd  lncon.wktcnt  ]ssum

In the solder reliability literature, numerous stfitcmcnts
or concluding remarks rnadc by onc group of
rcscachcrs arc cxmtcstcd  by another. Since many such
ccm(cntions  have more ac.adcnlic intcrc.st  than practical
significance, the issues they raise arc only brictly
addressed in this sub-sc.ction.

III the firs( category of contentions arc such highly
dcbakd  topics m,:

(1) IS high strcnglh or high ductility the more desirable
solder property?

(2) What role, if any, do inlclmctallies  play in solder
joint failure?

(3) Is crack initiation a useful fatigue faihn-c index? IS

load drop mcasurcmcnt  together with straddle board
an cfftctivc indicator of assembly reliability index?

(4) What effect do voids have on solder joint failure?
(5) What cfkct does kmpcrahne  wave form (ramp rate

and dwell time) have on solder joht failure?
(6) Ikscr]lrc solder bctravior  at sub-mro  tcmpcraturcs.

Ckmtctdions in this category  rcftcd u n c e r t a i n
information more so than inccmistcnt  observation.

A sccxmd  category of c-ontcntions  has a more far-
rcaching  impact; they arc in fti irrconsistcncics  in
inlcrprctation  and can lead to different ajymachcs  or
different practicm  to ensure solder joint integrity, A fm~
such typical sources of inconsistency arc:

(a) plastic tin vs creep - For most metals there is a
relatively wcI1-defined transition bctwccn  elastic and
plaslic  deformation; not so for solder, for which the
tensile stwngth, and hcncc the yield strength, is a strong
functiojl  of strain  mtc. nnd mcta]lurgical  conclitions,
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Fig, 6 [13, 33-38]. So when does the on.wt of plastic
strain occur? Plastic deformation is not a tirnc-
dcpcndcnt  phcnorncnon,  whereas creep deformation is.
MOSI nratcrials  crccp slowly; solder crccps quickly.
Different rwcarchcrs  U.SC different combinations of
elastic, plastic, and crccp straining to dcscribc  solder
Mavior  [1, 39-41] otlcn  without a sound means of
differentiating bctwccn  plastic and crccp straining.

(b) Grainins  - The usual dcfiniiion  of graininess is
an urracccptablc  solder surface condition resulting from
contamination during reflow operations, producing a
gritty surface [42]. This is to bc contrasted with the
cmdition  of large grains, a possibly acccptiblc
rnctallurgv.

(c) The merit of isothermal mechanical cycling - Can
room tcmpcmturc  mechanical cycling bc substituted for
thcnnchmcchanicat  c y c l i n g  t o  elimirratc  timc-
ccmsuming and expensive tcsti ng? Bccau.sc of its
simplicity, iothcrmal  testing has often been pctiormcd
in place of ttIc more czrmplicatcd thermal cycling [43-
46]. But there arc major diffcrcnccs,  Fig. 9. Strcs++
stlain hys~crcsis  loops for isothermal mcchanial  cycli[lg
difIcr significantly from those for thcrnm-mcchanicxd
cycling. The fonucr exhibit synmctries  that the latter
do not, Furthermore, crccp ratchcting is not a factor in
iso[hcrnbll mcchani~l cycling, whereas i( is in thcnno-
mcchanical cycling

. ..

I’ig, 6, Tensile Strc.ngth  of Unaged Soklcr al Room
Tcmpcratuic
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(a)

Major Ikcrepancim

Coftln-Manson  Correlation and Sohlcr  Joint——
Failure Data Bag

Most experimental cycle fatigue failure data derive from
rncchanical  cycling at room tcmpcrahrrc.  The results
are typically prcscntcd  as strain versus cycle-to-failure in
a Cotlin-Manson  format. Figures 7-a and 7-b compare
published experimental ncarwuhxtic  solder data
galhercd  by various rcscarchcm  [2, 27, 47-57]. The
most quoted solder joint failure data are those of
Combs [47] and Wild [48, 49] generated at IBM
approximately two dccadcs  ago. The two sets of data by
Combs (torsion vs shear lap) rcftcct a diffcrcncc  as
large as two orders of magnihldc in fatigue life for a
spccifrc strain range level. Similarly, the test data
obtained by Wild show the same type of variations. l’hc
cycle-to-failum level for a 1’%0 slrain-range changes from
a low value of 330 (torsion test data by Combs) to a
high value of 700,000 (5 cpni shear data by Wild) - a
di.scwpancy of 200,000 ‘%.. It is rccognizxt  that many of
the-w data may be tainted wilh serious exqlcrimcnlal
flaws - the failure detinitiom  were not cmrsistcnt  and
the mctalhrrgical  conditions of the scddcr samples
(freshly forrncd vs age softened vs grain cnarsencd)
were not the same. In Figure 7-b a subset of the
reported tmt data is plotted; the subset includes those
data which rvflcct  similar exqxx-irncnta]  approaches and
cxmtrol  of scddcr aging. Note that even with this
normalization, significant inconsistencies rwnain.

(b) :Jknmcratum Effect

Tcmpcra(urc  level is a very critical dctcrmimrnt  of
solder mechanical properties and bchavio~ it is natural
to expect  that sokicr  temperature plays an important role
in solder joint failure. A number of researchers have
investigated the eftkct  of tcmpcratw-c level on the cycks-
to+ihrre  for isothcnual  mechanical cycle tesli ng
Figulcs  8-a and 8-b arc the test results presenkxl  in
terms of inctastic  strain range vs cycle-to-faihrrc. Figure
8-a was obtained using a SOY. load drop definition for
cycling at 0.3 Hz. Solomon and Vaynman [43, S8-61]
concluded that with decreasing solder tcrnpcraturc,  the
cycle-to-failure number incrcascs.  Figure 8-b was
obtained using a fracture dcfrnition on tensile spccimcrrs
whh a cycle period of 15 minutes. Wassink  and
NcJcrr/Kluixxmar  [2, 62] concluded that with
decreasing solder temperature the cycle-to-failure
number dccrq.

As a means of removing experimental error and failure
definition as possible causes for this apparent
di.scrcpancy,  the classicil  analytical treatment of a
lcadlcss solclcrjoint  undergoing ndraniciil cycling can
be rcvicwcd  as follows: Figures 9a and 9b show
hysteresis plots for mechanical cycling at different
tcmpmture  levels and for thermal cycling [63]. An
analytical prediction using Engclmaicr’s  equation [64-
67] rcsuhs in an ~c~cas in cycle Iifc at IOW
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tctnperaturca.  However, if the basic CMTin-Mansm
equation is used, the prediction is essentially go...clkwrge
in cycle life at different tcmpcraturcs  Finally, ba.scd on
the strain-energy density algorilhm [7, 59, 68-71],
which states that cycle damage is proportional to the
energy density, i.e., the hystemis  am the prediction is
a dccr~ in cycle life at low tcinpcraturcs.

Two of the three algorithms must bc non-applicable to
the case cxmidcrcd  On the other hand, the discrepancy
dcmonstrahxt  in the cxpcrirncntal  data may have a
logical explanation. One such explanation may lay in
the ditlmnce  in systctn  stiffness ratios. In a recent
study [72], a computer simulation of solder joint
isothermal mechanical cycling (pcricut = 3 hours) was
performed to calctdatc  the strain  energy dens.ity m a
function of solder tcmpcraturc  for ditTcrcnt sliffncss
mlios. Figure 10 illustrates that for ca.scs with hig}i
stitlhcss  ratio (e.g., LCCS), the strain range is
indcpcndcnt  of tcrnpcrature, but the maximum solder
s[rws and strain energy density dccrcasc monotonic-ally
as tcmpcraturc  incrmc.s.  On the other hand, for
Systcnls with low stitTncss ratios (c.g, complian[  guil-
wing packages), solder strain range dccrc.mcs  viih
dccreaing tcmpcratnrc  while the maximum solder
stress remain low and dots not vary significantly with
tcmpcraturv.  The strain energy dcmity increases with
tcmpcraturc. F o r  systcm.s with intcrmcdiatc  stiflkss
ratio there may bc a tcmpcmhrrc  level for maximum
strain energy dcnsit  y. If cmc utitizes  strain energy
density as a
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(c) Frequency Effect

measure of cycling damage and thus M a dctcrrninant of
cycle life, then the cffczl  of tcmpcraturc  can bc positive
or negative depending upon the tcnpxat urc lCVCI  and
the system stifl’ness  ratio. cycle  frequency is another
important determinant of solder crcqifatiguc  behavior
[1, 19]. Similar to the ternpcraturc  effect, literature
reports concerning cycle frequency are not comsistcnt,
Figure 11-a, for 35°C cycling, shows that for a specific
strain  range, the solder cycle life decreases with
decreasing frcqucnq [43, 59, 73-76]. On the other
hancL the test data by Aldrich and Avery [56], Figure 11
- b, indicate just the oppcsitc.

Both Figures 1 l-a and 1 l-b arc for strain-loading
cycling using strain-range as the only driving
parameter. For stress-loading cycling, the faihrrc data
arc typically cxprcssut  as a classical S-N plot as showm
in Figure 12 [78]. For a spccitic strcs level, a dccrcmc
in frequency results in a dczrcaw  in cycle life,
However, in a strain-loading cxmdilion,  the stress lCVCI
Jnay vary Considerably ba.scd  on the syslcm sti~lms

ratio and solder temperature. Figure 13 illustra(cs  a
simulated result [72] for isothermal mcdanical  cycling
at room tcnqxxaturc  as a function of frequency and
syslen]  stiffness. It is noted that for a high stitTncss  ratio
(e.g., LCCS),  the maximum solder stress and strain
encrg-y  density dqxcxc as frequency dccrca...  But,, for
low stiffness ratios (czrmpliant leaded packages), the
strain energy dcnsi(y  ~ncr~ws  as cycle frequency
dccrcascs.
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O) Inconsktencies in Applications

(~) &4CC Life Prcdictirms

A diverse collection of solder joint Iifc predition
analyses arc to bc found in the literature. They raogc
from simple formulas derived from the Coflin-Man.soo
equation to very complicated finite clcmcnt mcdcls.
Accumtc  prediction of solder joint  scrvicc  life is very
difficult bccausc  of the complex tcnqx.mature-time
dcpcndcnce of solder properties. Furthermore, bccawse
of the large number of vwiables,  most schemes for
solder joint scrvicz  life prediction differ considerably.
As a cxm.scqocncc,  there arc large variations in scrvicc
life predictions for the same physical systcm,  Many
faclors  cxmtributc  to the large uncertainties in solder
joint wrvim Iifc predictions. ‘I%csc  inchldc  variations in
the physical rnodcl rcprcsentalion,  disagrcmcnts  in
solder property algorithms, and the disparity in failure
algorithms and prediction schcmcs. ~’lvo particular
factors amplify the inccmsistcncics,  One factor  is the
very definition of failure. Many analytical predictions
arc based upon crack initiation at local strcsss-
concmtrations. Other more realistic prtxictions  arc
ba.scd upon separation of the joint as a result of 100’%0
crack propagation. The two prc.dictions  can differ by an
order of rnagnitudc. The other factor is the statistical
interpretation of analytical predictions. Most analytical
predictions arc bad upon mm cycles to failure, i.e.,
5070 failures. However, many cmnpanies elect to
pIdiCt  early faiiure (i.e. 3% to 9% faihlrc) for added
safety nuwgin.
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(b) Acceleration Factor

The transformation relationship bctwczn accclcmkd
thermal cycle tcsling  and field SCMCC  application is a
most critical issue in reliability testing. Power law
relatiomhips  such M (Nl~z ) = (AT2 /AT1 )“ have
typically lxco used as a basis  for deriving acdcration
factors [6, 78-8 1]. The ratio of the accelerated test to
field CI’F (cycle-to-failure) is corrclamd  to the ratio of
field to accelcrakd tcsI tcmpcraturc  cycle depth by the
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acxelcration  exponent ‘b”. A suitable value for the
accclcr-dion  exponent has been the subjcd  of many
heated debates. Unfortunately a small change in the
acdcration cxqmncn( can result in significantly
ditlcren(  qualification tc.st  qclc lengths and strongly
impact cost and @t schcddcs. For example, a
rcprcscntativc  electronic syslcrn for a flight electronic
board is asscscd to cxqxricnce  an cquivalcn{ of 2455
cycle.s, each with a 15°C tcmpcraturc fluctuation. To
qualify the hardware wittr  a typical NASA N}IB cycle
(from -55°C to+ 100°C in 4 hours) and factor of safety
of 10, the required qualifkation test cycle can be
dctcrmincd from the power-law correlation to be
24 S5x10/(155/15)b. Depending upon the sclcxlion  of
the cspmcnt  valLIc,  the qual  test rcquircmcnt  rwry range
from 57 cycles (or 10 days) for a JPL rcfcrcnrxd
exponent vahrc of b ❑ = 2.6, or 230 cycles (38 days) for
Norris-LaIuAxry  [78] cx~mncnt  of b = 2, to a very
con.scwat ivc 2375 cycles (396 days) cxmmsponding  to a
b-value of unity.

1’0 furlhcr  Complicate the ismc, there arc cxpcrimcntal
reports  indicating that the acceleration factors for small
strain ranges (field service applications) arc different
froln those for large strain ranges (aczclcratcd testing).
For e,sarnplc,  Vaynman 8c Zubelclcwicx  [82] observed
ttrai the Cotlin-lvfanson  cxqxmcnt  based upon high
strain  range da(a, when exkapolatcd  to lower strain
r~ng~, ~_vr,y--prdicLs scrvicx life for applications Wlfll
inch.lic strain r-mgcs  less than 0.280/6 On the other
hand, investigators from Hitiichi  observed the opposite,
i.e., cxdrapolating  the accelerated test exponent to tbc
low strain range region gndq~prqdicls scrvicc life.

(c) k-liability Quotient

The application dictates the means whereby solder joint
reliability is dclerrnincd.  k regards this, the military
MANTECI1 rcquircrncnts  have previously txcn
n~crl(ioncd. For cotnmcrcial and industrial applications,
failure statistics in terms clf parts-faihrrc-pcr-miliion
during a rxrtain  sctvicc period are obtained from field
sumcys  and is an index a.ssociatcd  with profil  margin
and cotnpany  reputation, Space applications impose
several unique solder reliability issues: ultra-small
quantities, highest reliability requircrncnts,  and
divcrsifid  environments with minimal feedback fron~
fick~ operations. The reliability is associated with the
firs[  failure of an electronic pml or its interconnections.
IIowcvcr, it is extrcrncly  ditlkult  to quantify the
reliability requirement, A required reliability quolicnt
of 0.9999 for a total of tc.n or twenty parts in use is Often

nothing more than an abstract notion, The process of
qualification testing to dcrnonstratc  the required
rcliabilit y otlcn  varies from project to project. Became
of the lack of an established mmprchcnsivc
rncthodology, the demonstrated reliability may vary by
orders of magnitude depending upon the knowledge of
tbc QA individuals and the costkhcdulc  preswmxi  of
the project.

CONCLUDING REMARKS

Onc major dcticicncy  in a.swssing  solder joinl  inlcgrity
tm.s  been the lack of a consistent and con~prchcnsive
undcrs[anding of the undcdying  physics. Partly
responsible is the publication in the solder litcmlurc  of
contradictory test data.  Bccauw solder joint failure is a
very complex process, invoh~ng (too) nwy variables, it
is cxtrcmcly  ditlicult  to corrclatc  the tcs( results fron)
two independent tests. A case in point is the solder
research activities pxforrned for NASA at JP1.. The
cxpcrimcntal  program evolved through several phases.
Even with a closely collaborative research team, the
fabrication prwcdurcs,  the test method and the failure
dclcxting  techniques were not calibrated to ensure
continuity from onc phase to the next. Although much
was learned abut  the mechanical behavior of solder
and its faihrrc physics, the rc.suits have noncthc]m  been
very disheartening. Not only did the failure test &Ita
show discrcpancics,  failure predictions ccmidcrably
missed the mark - cxJcn  for cxqxrirncnts  specifically
designed to m.sdvc the issues of cffccLs  of tcmpcraturc
and accclcrat  ion factor. The cxpmirncntal  results did
not display dcpcndcncy  on mean tcrnpcraturc  nor did
they cmfinn the commonly used (at JPL) acceleration
exqmncnt  of 2.6. The results showed that cyclc-to-
faihrrc is lincady  proportional to time in the chamber,
with an exponent close to unity. There }rm’c  been many
critiques about the expcrirncntal  and fabrication issues.
A review of the test program rcvcalcd facts such as (1)
the quality of the solder joints were purposely not
screened a priori and (2) the sddcr  fillets of some of the
LCC parts were unacceptably insutlicicnt  bccausc of the
improper w ofsoldcr  nrask.  The sad conclusion is that
the research program did not provide conchrsivc
answers. Why? N was conjectured that the pressure to
cut m.sts  and rapidly obtain rcsrrlts (%hcaper, f@cr’)
lcxl to an overly ambitious expcrirncnlal  program, It
addrcs.scd too many issues at once, without allowing
ti rnc to calibrate the cxpcrirncntal  sdup with those
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conducted in earlier phases. It adopted so many
indcpcndcnt variables that adequate statistical sample
sim was cmnpromiscd.  It turned out that this particular
cflorl  undertaken to rtsdve  some of the uncertainties in
undcrskmding  scrldcr behavior achrally generated more
uncwtainy.
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